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Vitesse bas de la goutte






































E+& 3 D% #DCC
#DCCCD!ED!!
"!"C&

















 DC ! "C" C"  CC E+
C!CE#DCC!!D"!C!


































E #DCC C E F D%C&
 E!CCCE#8
E 8  E #DCC  D










!C E C C E E#  C
E#DCCDC%E/-#&IB0&E
!DC ! 8CC F E "CD  



















E+  CEE  #DCC  "C" "E" EEC  E%E  ! 
D!DEDC#DCC&-#&IIDC C!
#DCC DC E" D !"CC  D EE!C &  A%E &BJ ! E
C"C #DCC&E+ BDIHM#DCCD!C%E"/JM[0&E




CEAD CHK #HK #JC
O BB O JHI
K K M JHB
BN BL N JHB
MO K O JKJ
KD BB O JHD
NI BI K JHL
NH BO N JMD
BBD BB O JHI
BIN BL K JMN
BDJ BJ O JOB
BDH K D JDH
BLB BJ H JMM





!53-&3 E Dd!E # DC" EE4 DC D










DED"C""E" ! #" &3 E#C8!"CCD
CCDCCDC&EEDC"CD EC"








































"C !C "C"  CE "CC #DC E
"CCD!C.C"EC&5E#!C#"D"C CD=
 DE!E "EDDC"/!D"20CE CC"
CE#DCC!DC.CDE%E"]









 8C" C "#EC  # "CC E #ED"C 
!D!ECD#DCC!8!DECDCE&
3C !+  D   CEE   E C!"C E DCCD E
!DEDC"#EC"&
CC!!!!CED "EEC!!D%ECC!E"
!   !!D" " EC& 5 8!E  E E !C  ! .C
DD#CCDCDCCDEDECF"CE CC"C
CDCECRCCCE CC"CDC"EEC&
3 E    CE E EC" DC CEEC E 
#"D"C &CE"CCDE8C"DE"ECRC
D!E !E C  "CD 8!"CE D3 D %E  E   
CE&3I3DC!D%EDC"ECE#DCC!E
CEDC!D8&% 1/BNOH4-#&II0CEECD













" !DCD" CEC    E DED& ADCD CC  C
!D%E   !D E ! #DCC E C "CC"! EE4& 3 !E E
DC#D!C !CCCCC" E#DCCC.C!DCD"
4DC4EDED "CCDEDFDC!CC









 E C " EC  CD WC4F4 E C    " EC 
FECD"8!"CEC/DC"0]
 EE#8E/DC"E0]
 E C " EC  DE /DC" ;0 WC4F4 E C  E !
" EC DE F EEE!Di "DECDD!DC 8 # C!CC
8"&
:!DEDDED#C"C E#DCC/A%E&BI0&DE
EE D!DC DC !DC" 28&EE!Di ""C !!D"
>!EC@ /E # 8 C DEDCE0 ED   E # /-# &ID0DCC   E
#DCCDCE"/#E;0&"EC"EEDE#DCC/&!C

















;DED  C E # " /DE RC4D!E  8C"0 F





 !!DC %P C  JI F M& 2 DC   E"EE  "C" DCC   F
!"C E . !!DC !CC  # 8 !D E I C+!  #DCC /EED#"












































5D ECECD E E#!D ohJV ERC4D!EC "#ECE  E E#
D!D#8E#DCC&
 #!  !""C DCC   !D  #DCC EED#" DEDCEC
/%PeB0 EEDEC8EECECDE E#ED !D
#DCC!!DC%PpBCCC8EECECDECD&5D
E  8C" E C !E !DCC !D ECECD  E E# C  
!DERC4D!EEC!E!DCC!DECECDE&
  !"C" !D ECECD  E E# !D ohJV DC "!C 
DE  E #DCC  ""& !C !D  #E ED D" E
"C  EE" "!C  DE&  # C /-# &IH F
-#&IK0!"CCDCDDE!D"C!!DC%P!D
#EohLJV&5D!/%PhJ0ECEE&5DEE!E/
CD E EE D""0 C C !C  BJJ[& B E #DCC  "" C
E"LMV!D#DCCBC!!DC%PhJKEEDEC
OM[ERC4D!EHI[CE8C"HJ[&


















































































































































































































































 # C !"C E C  E DE E RC D!E C E 





 D CC    Y "!DC F E  CD= E DC#
8!"CEC4E!"CCE"EC"ZD"CFE"EE"!C
#D&2 E CEE EDEDC"CEC%D!C#""
 &3. ECECD  D F E !E  D E
!D!"C"!+D4 %C"C"&!C"EC"CEE
C!D!CDE"DEC#DCC&
 CC    Y DC ! "C"  C"& !C EE 
C%D"C"""C!C.C"#E#"/ECBNOK0&
2.2.3.3. 6	FEDCC FE
 CC "CDED#  !DC  ECCCD   !E !D E
&EDC#D!C CE"!"C!EDCC=































  C ED E  EC" D%)C& DC! "C" C" 
EEDC!!!DC8"C4!&
CD#ECA





D%DD! C  !"C   E #C  ED!C  CC E%CD C
D C"C   +C& 5D E: E #C  E" "!  E











 !C&  C !E ED%)C C # ! !!DC F E CEE  !  D 
" WC4F4 !D  !CC "C  !E E  "& 3C E
!# IJBI  D%)C  MJ  ED#  "C" CE" !D E% E "& 
"C ED%DD!C"CCOJlP!8CCK!8E#
   BBI[  E  C D%)C& CC  C %E C !C D .C
"#E#"&
5D E: E C  DI[ /!D  CC  K!8E0  E )DC
ECC  E #C F E" /DqL[0&2  # E%CD
>E @ !C  ! .C %E  CC CCD&  E%CD  D "C"







D&  -# &DL   !"C E C)CD  #DCC  % C  C 
DED!CEE8C+!DCD/ECBNOK0=





0  %0 
=E&'0; DABDCAEC.AEB	AAC?#CB#?CABD8Á % ÂÃÄÅÆAEB8
AA>;COO91;279!9;V"?
DCE#DCCEDEDDC%EE-#&DLE#DCC







C E !D  E DED






%D ED  ED%)C& CC
"CEE"!D
BED E DCC  E
&DH0& 5D  # C
D%DD!C ED










   C  B D !!D D




 CC  !E !8E !C .C C
 !C  !D D%)C  C" CC
E!CEE"&
# E "CD  !C  E #DCC 
 DCC" DC E  !D E 
CD!C.C>"E"@!8E!C"












  E #DCC 
  !!DC E
EEC
#/ EDC
DC  C 
 CC C E
C E /-#
#  #DCC !
 ED#&5D






 %D "  E -# &DH WC4F4  D D  CC 
qI!8E DC"DCqL!8ECDCE&
-# &DO!"C E"DECD E  E ED#"#"!











EE4 C E"&!C ED  CCC CDC" # E  E
#DCCDCD+"!!!DCC!EEEEDCD"&
3.ECCCE#DC" C!#DCCDCE"!








































































JBJ  E DC"DEDW




















 ! C+!  !D
C E DC"&3 
# D!D D
C"EC#D
!D  CC 
ECDB*/&
!DCE"-3-
3 D 3 !C !!C
2EECD
 ED!DCC
 #DCC  !DC D
#DCCC)CDE




#DCC  %  DED







C E D4DE%E /-# &B&0  !
 DC8C CE E DE C 
F E  CC" )C"& 2 E"C   !
CCEEEDD!E
C&  !DC DC 8 E" -
!C&B&I&D0&
3D3DCDE%EDC#D
 8 !DC DE%E DC  #DCC
"!EDE%EC"8CC+!
CF)C!DDDCC"
E%E /C+! I0 !"CC  D!DC
DED?0E8#DCCDDE%E




 !"CC  C D+  L E
!CC #DCCECC   DC %E







C !  C
  C F 
DC !C 
8WC4F4
 - D  ! E
CCCE!DC









D   C 









!  CC"C& 
C/-#&B&0&








3! E DE%ECD  
 CDCECDE%E
DCD/#C




 /BpONJ#P= "CDE!D!DE C "CD
!DC #"C  ! %E !








 CC" C E %E C  DC"
DC!"C"CE&C
CD!DCC8DC0E



























E CCD & E !C C  !DCD  E #E8  !DC .C E%"" C
CD.C8EE"CE#]
- %E!DC /CCD0CRCEE%"CD





?#EZC CBEBABB?#EZC CBD$CEFA4BB 
38D!DCC+D+ DC#%E/-#&M0=
- E8CDD!CCCE!# E/-#&M&0]














  C D"" D +CDC "#C EC C  E"#
 EE 8C"&3!DC   D!CE E !DCD C E D% D
DC ! !DC&: !C D"   C+! CEE   "  E -#
&O=
- !DC2CE)CDCE!!"/0]









5DEC EEECCD EDCDC"C"!E"CC% E




0  %0 












" CD4!DC"!DCDCCCCCE =, H   NN % , H"K
4 CC<D!DC!CCFEC!!"
EC<ECCDCEE&:D=
ZÇ 9 Z& % CZ 9 Z& %  H&K
!C="ECCCD
NH
4 EDC!!D"D!%EE!DCC "CEDCÇ % C& W 5+CC % C& W 5+ H'K
4 DCD"%CDE ÈK"C % &!& % Ç!Ç % ! HK






- ==#"C DE == % c?5!?
- =Ë=#!DCCEEDE ==Ë % 95Z
- C=5DCC =C % Cj W 5+Z
3DCEEDC!!CEECD*DEE!C.CC"









= W =Ë W C % E K H(K
















/O5!Ç£ ? 9 5ZÇ W CÇ % /O5!&£? 9 5Z& W C&K H+K
/O5+!£? 9 5+Z W C % /O5+!Ç£ ? 9 5+ZÇ W CÇK HK
5!&£? 9 5+!£? % O85K H"K
5!&? 9 5+!? % O&85K H&K
5!&!&_ 9 5+!!_ % &85!ÇK H'K
Ì_ % DD % D&!&D % &_ !& W &!&__ % DD % D!D % _ ! W !_
K HK
5 & e_& 9 &? &_ g 9 5+  e_ 9 ? _ g % &85 ÇK H!K
_ e5&? 9 5++?g 9  e5&1 &_ 9 5+1 _ g % &85Ç K H(K
&ÍÍÍ % /&? KK R KKKK&ÍÍÍ_ % 9O &_&1K H%K







r %  W ¯
2C¯DCC H"'K




Ð  % EcFÑv
r % E?F0Ñv 
2EcE?CDDCC
H"!K
" CD b&IMc !C .C ""C  CC D!C  C!  # " ! E
ECDb&Ic=
ECDb&IIc!C"Cs=
Ò % 5&ÍÍÍ 9 5+ÍÍÍ % 5&? 9 5+?K H"+K
_ 5&ÍÍÍ 9 5+ÍÍÍ W O ª5&ÍÍÍ_ 9 5+ÍÍÍ_ « % &85Ç K H"K
_Ò W /OÒ_ % &85Ç K H""K
_Ò W /OÒ_ % E>¬ ¬ FK H"&K
  % ' 9 NK H"(K
' % &85Ç /K 






3<2!D   F  D C F 8 D D%C C E  
IJBI&2"%CEEC%C"EDC!EECDEE
 #C%EC"E%E&+!CDC!!C
 / IM !D E F B D  HJ C KJ !D E F I D
BJ8OJ!DEDBCBJJ!DEDI0 CE"#!C&
DEC"CE!CEDEECD=
2 DC   E  C ! CDCEC     E C C B C BM 
!DC D!DFDBC!DC&3CCD#CD
E"DEC C CDCEC "C   DCC  EEC !!E"C
!!C&3!EE)CC!EDC#DCCF#DCC&+!DC
*DEE  DC D !E !C"& 3 E C E D% DC D!" C E
D!DCC+!CDC &
 -# &BJ D!D F E"DEC   D  & 3C E "#




E!CDEC!"C"!DCD!DE+AEDI  !E 
 E"%CCDCDE"C!&"ECC8!"C8DDCD
ECCEC"D&





D%"& C  C"
D!"HJ
3<24HJPBD42mBI0&-







 ! ED  DC DC "C" D%"
CC"BD
#&BIDCEC"!ED






















CC ECD  !C !  "C E "%C  )C F E %  E !!DC 
)CCCCDCCCDCDCDEDC"#&
 #EDDECFF	DD DACF
CC !C CC F "C E DC  "#  E #& 5D E  
EC"C""DEEDC%CDE!!"E!DC&
2.2.1. #EDCFE
BE E +   E ! !" C D""&  ECD C !C .C
!D!D"=
2b&HcD=
 D#C E ECD  !C "#  8 DCCC  E DC 
C=
3W! E DCD  "%C DE  b&Mc C E "CD  DC 
DCCDC"#b&KcCb&NcEC"EEE!DC"C=
3!E=
!&£? 9 !Ç£ ? % O855 K H&+K
!&£ % }O 855 K H&K
!& % !&£ % }OZÇ 855 K H&"K
!Ç % &Ç !& %  [Ç }OZÇ 855 K H&&K












DZÇiZÇ %  [Ç }O855 D K H&K
OBZÇ  %  [Ç }O855 N 9   H&!K
ZÇ  %  Ó/ 9  NÔ? H&(K
N % / KÇ[}OKK585  H&%K
 % Ç!Ç % [}O 855 Ó/ 9  NÔK H&*K
 % ' W Ï % Ï a/ 9  Nb % ' 9 NK H'+K
&85Ç +&+[&? [?5+? [? 9 5++&? [&? % ?[N }O855 K H'K&85Ç +&+[&? [?5+? [? 9 5++&? [&? % ?[?Ç  855 K H'"K&+&+[&? [?5+? [? 9 5++&? [&? % ?[?5 K H'&K














DCD!!DCDE"#EC"   EDE!E"C!!C%E&




GE4FEEHK IJ DJ HJ BD LJ HJ H IJ BJ8OJ
GE44FEEHK BD BD BD DJ DJ DJ BJJ BJJ BJJÙÚÛÜÙÚÛÝ JLI JBN JJM MD JMH JIM IOO IM LM
}ÞßÜßÝKÞàÜßÜ JNH JNH JNH JNH JNH JNH JNM JNM JNM
EAECA4CA D D D  D D D D D
2CAEACDCDDFHK BBJ NK BJJ NK BBJ NJJJ HK BBB BBM
2CAEACDEFHK KI KJ KK KJ OI NB MH KL NM
 DDCCD C E C EE" C E C 8!"CE C %D !D E
 !D E E E C C !C"& 3 . E !"CD C D"C  E
!DEDE"#EC"C!C"CC!"DC"/BDPDJ\%E0&
3 E  E HJPDJ /C0 E C EE" C CDCEC D" /E EE
DNCCE0&
 % }' Ç[? 5K85K H'K
 % Ï? 5?[? O85K H'!K
!C="ECCCD
BJL




2.2.2.2. CFF	DD 	 FB		
BEDE"C EDC"#"!ED!DEDC
D%+DEE"DECE!!"&2DC ED!D







GE4FEEHK IJ DJ BD LJ H IJ BJ8OJ
GE44FEEHK BD BD DJ DJ BJJ BJJ BJJ
44ABBFCE JBDL JJHH JLBK JBOO JDLB JDDI JOKK

DC"#!CCC!EE E"%C  &C
E" CDb&DNc!"C!E#CEEED%#&
DC"#D"C"EE"!D !C!CC!"C"
DCD  D% +DE  E -# &BD& 5D CD E  E"DECD C
E= E DC %E C  E !D  %E D%  +DE











$ CDFAFC	BE	"F		 FE C"

































dA = 20 mm / dC = 13 mm
dA = 30 mm / dC = 13 mm
dA = 60 mm / dC = 13 mm
dA = 13 mm / dC = 30 mm
dA = 40 mm / dC = 30 mm
dA = 60 mm / dC = 30 mm
dA = 6 mm / dC = 100 mm
dA = 20 mm / dC = 100 mm
dA = 10x70 mm / dC = 100 mm
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SG = 0.0039 m2
X: 0.64
Y: 0.0001675
h = 0.05 m
h = 0.06 m
h = 0.07 m
h = 0.08 m
h = 0.09 m
h = 0.1 m


















S = 0.0039 m2
X: 0.64
Y: 0.06712
h = 0.05 m
h = 0.06 m
h = 0.07 m
h = 0.08 m
h = 0.09 m
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X = 0.64 m2
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X : l'orifice de sortie (A) augmente
S = 0.0059 m2
 
 
4ac : h = 0.05 m
4ac : h = 0.06 m
4ac : h = 0.07 m
4ac : h = 0.08 m
4ac : h = 0.09 m
4ac : h = 0.1 m
b2
 % ª o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SG = 0.0059 m2
X: 0.955
Y: 0.0007196h = 0.05 m
h = 0.06 m
h = 0.07 m
h = 0.08 m
h = 0.09 m
h = 0.1 m





















S = 0.0059 m2
X: 0.955
Y: 0.1277
h = 0.05 m
h = 0.06 m
h = 0.07 m
h = 0.08 m
h = 0.09 m
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X = 0.955 m2
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X : l'orifice de sortie (A) augmente
S = 0.0164 m2
 
 
4ac : h = 0.05 m
4ac : h = 0.06 m
4ac : h = 0.07 m
4ac : h = 0.08 m
4ac : h = 0.09 m
4ac : h = 0.1 m
b2


















SG = 0.0164 m2
X: 0.043
Y: 2.447e-005
h = 0.05 m
h = 0.06 m
h = 0.07 m
h = 0.08 m
h = 0.09 m






























S = 0.0164 m2
h = 0.05 m
h = 0.06 m
h = 0.07 m
h = 0.08 m
h = 0.09 m
h = 0.1 m


















X = 0.043 m2
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t = 2' 22''































t = 2' 40''




















t = 7' 40''
































t = 1' 50''
t = 2' 10''




















t = 1' 56''
t = 3' 34''


































t = 6' 25"
t = 11' 20"
t = 16' 02"
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Essai 1 : bas
Essai 1 : haut
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Essai 3 : bas
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Sphère rigide isolée (Schiller et Naumann
Sphère fluide (k = 13 - Feng et Michaelide
Goutte fluide (Bozzano et Dente, 2009)
Goutte fluide (Clift et al, 1978)
Résultats expérimentaux : Essai 1 (EDM
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Abstract: 
Maritime transport quickly increases during the last decade. It is the cheapest way to transport 
large quantities of goods over long distances. The growth of this trade necessarily leads to an 
increase in the traffic density and therefore the risk of accident and sinking increases as well. 
The large amount of chemicals involved in an accident may threaten the environment and 
human health in case of shipwreck with underwater chemical release. Unfortunately the 
physicochemical mechanisms occurring during the transfer of a chemical to the sea surface 
are still poorly understood. Those mechanisms depend on various parameters such as the 
physicochemical properties of the chemicals and the specific properties of the accident 
surroundings.  
This research was conducted in collaboration with the Ecole des Mines d'Alès and Cedre in a 
global approach to understand the behaviour of liquid, floating and soluble chemicals released 
after a shipwreck. This experimental study has been carried out according to 3 main points: 
- The phenomenology of a release at the breach. The objectives are to quantify the flow rate 
and the release pattern, 
- The hydrodynamic behaviour of the released chemicals and their fate in the water column, 
- The mass transfer of the chemical during its solubilization in the water column. 
For each point, the results are compared to those predicted by correlations in the literature in 
order to propose a global model of consequences that is adapted to the marine pollution 
management& 
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Résumé : 
Le transport par voie maritime s’est développé très rapidement durant la dernière décennie. Il 
constitue la solution idéale pour déplacer à faibles coûts d’importantes quantités de 
marchandises sur de longues distances. L’accroissement de ces échanges entraine 
inévitablement une augmentation de la fréquentation des routes maritimes, de la densité du 
trafic et donc du risque d’accident et de naufrage. 
Les quantités impliquées lors d’un accident étant importantes, un rejet sous-marin de produit 
chimique issu d’une épave peut provoquer de graves conséquences environnementales et 
humaines. Or, les mécanismes physico-chimiques apparaissant lors du transfert du produit à la 
surface sont encore mal compris. Ces mécanismes dépendent de nombreux paramètres dont 
les propriétés physico-chimiques intrinsèques au produit et celles propres à l’environnement 
de l’accident. 
Ce travail de recherche, réalisé en collaboration entre l’Ecole des Mines d’Alès et le Cedre, 
s’inscrit dans l’amélioration de la compréhension du comportement d’un rejet de produit 
chimique liquide, flottant et soluble issu d’une épave. Cette étude expérimentale a été réalisée 
selon 3 points : 
- La phénoménologie du rejet  à la brèche dont l’objectif est de quantifier le débit et les modes 
de rejet, 
- Le comportement hydrodynamique du produit libéré et son évolution lors de la remontée 
dans la colonne d’eau, 
- Le transfert de matière du produit lors de sa solubilisation dans la colonne d’eau. 
Pour chaque point, les résultats obtenus sont comparés à ceux prédits par les corrélations 
disponibles dans la littérature afin de proposer une modélisation globale des conséquences 
adaptée à la gestion des pollutions marines. 
